To determine whether spiking activity discriminated between cues in each learning phase, the spike counts Y ijk , at a fixed time window (e.g. delay epoch), were modeled using a generalized linear model (GLM), for i = 1,2,…,n jk , j = 1,2,…,l and k = 1,2,…,c, where n jk is the size of the jkth. Let n= jk , thus "n" indicates total number of trials in the session. Let j denote the factor learning and "l" the number of levels (e.g. j = level 1 for pre and j = level 2 for post-learning phase). The parameter k denotes the factor cue-type, where "c" is the total number of levels (e.g. k = level 1 for C-and k = level 2 for C+). The GLM assumes that the spike counts resemble a Poisson distribution and was performed on the statistical program "R" (www.R-project.org) (Venables and Ripley, 2002). The generalized linear model for a Poisson family is given by:
The neurons that were active during the delay epoch (0.2-1sec from cue delivery) were analyzed with the GLM. To determine whether a neuron was active, we calculated the "sparseness" from its PSTH (which can be thought of as the proportion of time to which the neuron responds within an interval (Rolls and Tovee, 1995) ). The sparseness of each cell was calculated by the following equation (Yao et al., 2007) :
where r is the firing rate at a given time bin of the PSTH, n is the number of bins, and denotes the average over all bins. Only neurons with a sparseness > 0.3 in the delay epoch were further analyzed with the GLM.
The same GLM was also used to determine whether neurons with phasic activity (see Upon Cue neurons above) developed cue-selectivity after learning. For these 168 UC neurons, the spike count obtained during 150 ms after cue delivery was modeled. This interval was selected because previous reports indicate that taste stimuli can evoke rapid and transient responses (Stapleton et al., 2007; Stapleton et al., 2006) . Based on this analysis, UC neurons were divided as cue-selective or non-cue selective (see Fig. 6 ).
Optimize Learning Vector Quantization (OLVQ):
To avoid the comparison of ensembles of different sizes, the OLVQ was run using individual neurons. This allowed us to compare performances across brain areas and sessions. The ability of single neurons to discriminate the cues as a function of task performance was quantified using a non-parametric method for statistical pattern recognition called learning vector quantization (LVQ). The LVQ was carried out using Matlab (The Mathworks, Inc) and the Matlab Neural Network Toolbox.
We modified the code provided by Mathworks to implement the optimized LVQ (OLVQ) learning rule (Kohonen, 1997; Krupa et al., 2004) . This learning rule was used to update weights on the competitive neurons during training. Extensive details of the OLVQ can be found elsewhere (Krupa et al., 2004) . The data sets were divided into training and testing subsets. The training data were used to initialize the LVQ networks by setting the coefficients for each competitive neuron dedicated to a given type of trial equal to the mean neuronal response for that type of trial (plus a small random noise term). In this study, there were twice as many competitive neurons as the number of classes of data to be classified. Leave-one out crossvalidation (i.e., iteratively use all but one trial as training data and test performance of the LVQ network on a single "hold-out" trial) was used to estimate error rates and confusion matrices for each data set. Results were quantified in terms of percentage of single trials classified correctly.
Chance levels of classification were estimated to be approximately 50 % correct.
Supplementary Results

Coherence
Comparison of Coherence in the Cue and Outcome Compartment
After analyzing the coherence in the cue compartment (see text and below), we quantified the proportion of licking coherent neurons in the outcome compartment. We only analyzed trials where rats drank sucrose (Hits), since rats did not lick rhythmically after quinine delivery. We then compared these results with those obtained in the cue-compartment. Of the 414 neurons that showed significant coherence during licking in the cue compartment, 59% (244/414) also displayed significant coherence when licking at the outcome compartment (Table S4 ). The remaining 41% of the neurons were coherent only during licking at the cue compartment. Thus, slightly more than half of the lick coherent neurons (59%) oscillated with licking independently of sipper location or behavioral context, that is whether the cues (and water) or sucrose were released. See Table S4 for comparison of each brain area.
Event-Related Activity
Cue Epoch
Non-Cue Selective UC Neurons are Broadly Tuned
We determined whether non-cue selective UC neurons responded to tastants other than the cues or whether they responded exclusively to the cues (see Table S1 ). We surmised that: (1) they might signal cue onset (but not its identity) by being selectively activated only by the cues, or (2) they might respond to various tastants and thus they could be broadly tuned. Each possibility was considered. This analysis was carried out for the 104 UC neurons that exhibited at least one evoked response to the cues in the post-learning phase (Only-Post n=74 and Pre-Post n=30). The IC exhibited a larger proportion of broadly tuned responses than cue-exclusive activity (8-cue/16-broadly tuned). In contrast, the NAcc exhibited the largest proportion of neurons that responded preferentially during the cues rather than to any other chemosensory stimuli (20-cue/6-broadly tuned neurons; χ
2
(1) = 6.5, p = 0.01, see Table S1 ). The proportion of cue and broadly neurons in AMY (4-cue/6-broadly tuned) and OFC (22-cue/22-broadly tuned, respectively) was similar. In summary, we found that 52% (54/104) of these neurons exclusively responded to the cues (they did not respond to sucrose, water, or quinine). The remaining 41%
(42/104) of neurons were broadly tuned since they were sensitive to one or more of other chemosensory stimuli. Figure S1 . Schematic representation of multielectrode recording sites of components of the rat taste-reward circuit. For each brain region, a movable microwire array comprised of 16 formvarcoated tungsten wires (35 µm diameter) that covered ~1mm 2 of brain tissue was implanted. The inset, displays an electrode with two movable arrays used in these experiments. Relative to Bregma microelectrodes were unilaterally implanted in the following locations: the orbitofrontal cortex (OFC; AP = 3.2, L = 3.2, and DV = 4 mm), nucleus accumbens (NAcc; AP = 1.2, L = 1.5 and DV=6), and insular cortex (IC; AP = 1.2 mm, L = 5.2, DV = 4 mm). We used IC nomenclature instead of gustatory cortex because recordings began in the granular layer and finished in the agranular layer of the insular cortex (except for one subject whose electrode ended up in the dysgranular layer). For recording in the AMY, an array with a small separation between electrodes (total area ~0.5mm Figure S2 . Waveforms of two simultaneously recorded OFC neurons that displayed significant coherence with licking. A. Waveforms of the spikes of the units, ISI histogram and the 3D display of the cluster of the spikes based on the first three principal components (PCs). Only single neurons with action potentials of >3:1 signal-to-noise ratios were analyzed. The action potentials were isolated on-line by means of voltage-time threshold windows and a three principal components contour templates algorithm. A cluster of waveforms was assigned as a single unit only when both inter-spike intervals (ISIs) were larger than the refractory period, set to 1.5 ms, and when the three-dimensional (3-D) projection of the first three principal components formed a visible cloud. Note that the spikes of both neurons form two well separated ellipsoid clouds in the 3-D PCA space. The bottom of "A" displays spike timestamps of both neurons in a single trials while the rat licked at the cue-compartment (licks are shown in red). The neuronal activity shown in yellow has a coherence 0.41 at 6.8 Hz, and tends to fire with a negative coherence phase of -1.16 radians Moreover, the neuronal activity shown in green has a 0.46 coherence at at 6.8Hz and a phase of -0.127 radians. This neuron also developed cue-selectivity in the Delay epoch (Fig. 8C) . B. This graph shows that the waveforms of both units remained stable throughout the recording session. Left, plots waveforms throughout the session. Right, the waveforms based on the first two PCs (x axis PC1, y axis PC2; z axis time) in 10 segments across the session. Figure S3 . Coherence between a neuron's activity and rhythmic licking behavior. The upper panel depicts the power spectrum of licking behavior in the cue-compartment at frequencies between 3-12 Hz. The middle panel shows the frequency spectrum for a single neuron recorded in amygdala, while rats licked in the cue-compartment. The raster and PSTH of this neuron are plotted in Figure 4A in the text. The bottom panel displays the coherence (cross-spectrum of licking and spike spectrum, normalized to range between 0 and 1). For this neuron, a significant increase in coherence is found between 4-9Hz that attains a maximum coherence at 6.83Hz (see vertical solid line). A neuron was considered coherent only if the lower confidence interval (green line) crosses the significant threshold (dashed horizontal line indicates 0.05% significant threshold) between 4 to 10 Hz. This frequency band corresponds to interlick-intervals (ILI) normally found in freely licking behavior that is in the range of 100 to 250ms. Figure S4 . Network interactions may occur throughout lick-specific ensembles at theta band. A. Shown is the coherence of 9 out of 33 simultaneously recorded neurons that exhibited significant coherence at theta band in at least one lick cycle (see B for all 33 neurons recorded in this experiment). The left panel shows the ensemble "A" that is comprised of 4 neurons (3 recorded in OFC and 1 in IC) that fired in coherence only in the 4 th lick cycle where water was delivered (see left white dashed lines). A neuron belonging to one ensemble may also be part of other ensembles. For example, besides firing during the water cycle, the first two OFC cells of ensemble "A" also fired in coherence during the cue delivery (see right white dashed lines). The right hand panel shows ensemble "B" which includes 5 neurons (3 recorded in OFC, 1 in AMY and other in IC). This ensemble tends to fire in coherence only at the 13 th lick cycle. Note that the neurons in this ensemble did not synchronize either when water or the positive cue was delivered. Thus, ensembles "A" and "B" may convey different information about events occurring in the cue compartment. B. Shows the significant coherence at theta band of all 33 neurons recorded simultaneously (23 neurons in OFC, 3 NAcc, 5 in IC and 2 in AMY). Note that the number of licks with significant coherence increased after learning and that neurons recorded in the OFC, IC and AMY (in this experiment NAcc neurons were non-coherent) fired in coherence with licking in at least one lick cycle. . From this binary vector, the state-space algorithm modeled learning. The blue vertical line shows the "learning trial" at which the ideal observer had the 95% certainty that the rat was performing above chance level and its performance was maintained above chance for the rest of the session (see Methods). Black dash line indicates chance level. Fig. S6 . The "learning trial" was estimated by combining both cues. A. Schematic representation of the behavioral strategies employed to solve the task. Pre-learning phase: in our Go/No-Go task, highly water deprived animals initially adopt a behavioral strategy that favors responding to both cues with a "Go" response, ("always Go behavioral strategy"). Note that at the beginning of the session the predictive value of either of the cues is unknown to the rat, thus exploring the outcomes of both cues with a "Go" response will provide them with the experience needed to learn which cue predicts a reward (sucrose) and which predicts punishment (quinine). Post-learning phase: After several trials in which learning had taken place, rats switched to a discriminative behavioral response pattern, where they respond to C-cue by withholding a "Go" response (correctly avoiding quinine), whereas rats maintained making a "Go" response to C+ cue. Rats respond correctly nearly 100% of the C+ trials throughout the entire session. Therefore, since both trials types are intermingled, it is not until the rat starts to avoid quinine that it is possible to know from a behavioral viewpoint that the rat has learned that the C+ predicts sucrose. Indeed, rats that do not learn aborted the task, and kept drinking the cues but stopped making a Go-response at all (see Methods). For this reason we used both cues together in order to estimate the "learning trial." Furthermore, we found that combining both cues resulted in an earlier detection of the "learning trial," than analyzing each cue independently. B. Learning curve (red line; dash line confidence interval) obtained with the state-space smoothing algorithm employing correct and incorrect responses for C+ trials only. Top bar shows the sequence of incorrect ("0") and correct ("1") behavioral responses, in which a gray rectangle represents an incorrect response ("Miss") and a black rectangle a correct response ("Hit"). In the entire session, the rat only missed sucrose reward once (see gray rectangle). It is seen that the learning algorithm did not find evidence of learning for C+ trials (no "learning trial" detected), which indicates that the subject responded to C+ by making a "go" response (Hits) most of the time. Indeed, most frequently (94.6%) rats responded to C+ cue with a "go" response (Hit) and rarely missed receiving a reward. The percentage of "Miss" trials per session was 5.4±0.65% (mean±sem; range 0-17.4%, n = 45 sessions). C. A learning curve for C-trials (red line; dash lines, confidence intervals). Note that this time the top bar shows the sequence of incorrect ("0") and correct ("1") behavioral responses, in which a gray rectangle represents an incorrect response ("False Alarm") and a black rectangle a correct response ("Correct Rejection"). In this case, the "learning trial" (vertical dash line) was identified in the 87 th presentation of the negative cue (C-). The arrow points to the trial when both cues are included (blue dashed line in "D"). D. A plot showing the learning curve computed with a moving window, 20 trials width, using both C+ and C-, trials in the order originally presented. Vertical black line indicates the "learning trial" (134 th trial). Note that combining both cues resulted in an earlier detection of the "learning trial," (vertical black line) in comparison to the larger number when only C-trials were used (blue dashed line). The upward pointing arrow points to the first time that a correct rejection occurred in the session (i.e., animal did not go for quinine). At this and a few subsequent trials the rat unsuccessfully tried to learn. E. Raster plots from an OFC neuron recorded in the session that developed cue-selectivity for C+, despite the fact that the rat showed no apparent change in behavior on C+ trials. Red ticks indicate time of licking and black ticks represent a single action potential. This neuron started firing more for C+ after the rat made the first correct rejection (blue horizontal and continuous line; 1 st CRej, first correct rejection trial). This result suggests that learning about C-cue can affect C+ activity. Note that using only C-trials, the "learning trial (LT C-dash horizontal line and blue dash arrow)" was located long after the neuron started to develop cue-selectivity for the C+ cue. Therefore, it follows that only by analyzing both cues together can the "learning trial" (LT, see black horizontal line and black arrow) be accurately estimated. =1.3, p=0.25; n=45) . Thus, in the delay epoch, rats do not solve the go/no-go task by licking differently for C+ and C-cues. Figure S8 . Event-related activity that is non-coherent with licking. Color-coded PeriStimulus Histograms (PSTHs) depicting the spatiotemporal response patterns of neurons recorded in the insular cortex (IC), orbitofrontal cortex (OFC), amygdala (AMY) and nucleus accumbens (NAcc). Along the ordinate, 112 neurons were separated into three subcategories: BC, before cue (1-2), UC, upon cue delivery (3-86) and AC, after cue delivery with tonic-firing activation (87-112). Licking in the cue-compartment was partitioned into three epochs: Anticipation, Cue and Delay. "L" represents the time-stamp for an empty lick, "W" for water delivery and "C" for delivery of a cue. The left (right) panel depicts the activity around C+ (C-) delivery. These responses were obtained in the post-learning phase. The cues were delivered at time "0" s, the vertical dashed line indicates 150 ms after cue delivery (~one lick cycle). The absolute firing intensities of each neuron were normalized to Z-scores and, for visualization purposes, smoothed and displayed in color contour plots. Dark red/blue indicates firing that is 3 or more standard deviations above/below its mean, respectively (from -1.5 to 1 s in each PSTH). Black horizontal lines delimit each main firing category. Within each firing pattern, neurons were subsequently ranked as a function of brain area, indicated by horizontal white dashed line. The average population activity for each brain area is shown in black PSTHs. Figure S9 . Individual and population responses from orbitofrontal neurons that fire before cue delivery. A. A graph showing the raster plot of a single OFC neuron for trials in post-learning phase and the delivery of C+ cue. The lower panel shows the PSTH for both cues, which are not statistically different. Note that the neuronal activity rapidly returns to baseline activity after cue delivery. This cell fired in coherence with licking Coh=0.12 at 8Hz. Red marks represent tongue's contact with empty sipper. B. Population response from 18 OFC neurons (out of 449) with cue anticipatory activity. Once the cues were delivered, the activity returned to base line with a mean latency of 137 ms. Figure S10 . Distributions of peak latencies of Upon Cue (UC) delivery neurons. The panel depicts, for each brain area, the probability density estimate of the distribution of statistically significant peak latencies from 0 to 200 ms after cue delivery. The peak latencies were computed for all 168 UC neurons. The peak latency distribution in each brain area revealed a characteristic temporal activation pattern. It is seen that the distributions show a clear unimodal peak for AMY (mode = 53 ms), OFC (mode = 103 ms) and NAcc (mode = 105 ms), whereas the IC distribution was broad (mode = 109 ms). See Supplementary Table 4 for mean onset and peak latencies. The time to maximum firing rate (peak) was significantly different among the four areas (F (3,248) =8.2, p=0.0001). Specifically, the peak firing activity of AMY neurons occurred earlier than peak responses from the OFC (p<0.0001), NAcc (p=0.0007) and IC (p=0.002). The rapid peak responses observed in AMY neurons may be ideal to gate the communication between cortical areas, such as the OFC, with accumbens neurons. Figure S11 . Population PSTHs of cue-selective UC neurons. Responses were aligned to water delivery for water + (W+) and water -(W-) type of trials. A. The average population response to water delivery (t = 0 sec) in Pre and Post-learning epochs. These data are taken from the same 10 C+ (green line) preferred neurons plotted in Figure 6C . Black dashed line shows the firing activity to the C-cues. Note that W+ (W-) is the water that was delivered just before stimulation with the C+ (C-) cues, respectively. B. The average population response in Pre and Post-learning phases from the same 18 C-preferred neurons (red line) plotted in Figure 6D , but here, the response was aligned to water delivery. Conventions are the same as above. We also tested whether there was a particular phase of the licking cycle that contained additional information about the cues. In this regard, we found that a subpopulation (n=46) of licking coherent and AC-cue selective neurons did not use the entire lick cycle as an external reference. Indeed, these neurons did not tend to fire during a ~25 ms period of the lick cycle (gray rectangles); a period that corresponds to the time in which rats open their mouths to protrude the tongue and initiate a new lick. Besides this brief period, other phases of the lick cycle were used by at least one of these licking-coherent and AC cue-selective neurons. The color dots indicate the brain region in which the neuron was recorded. This plot shows the lick cycle phase and postlearning information content of licking coherent AC cue-selective cells during the Delay epoch. Top. Shown is a schematic representation of the coherence phase where a phase of 0 indicates when tongue is in contact with the sipper tube. Bottom. A plot of the performance of each of the 46 licking coherent and AC cue-selective neurons (color dots) sorted by its phase during the lick cycle. Both the mean firing phase and OLVQ performance were computed using a single time window (0.2-1 s after cue) that comprises all licks in the Delay epoch. The dashed green line is a spindle interpolation and the violet solid line is a polynomial fit of neuronal cue-discrimination. For visualization reasons the data is repeated twice. Interestingly, IC cue-selective neurons (blue dots) only employed positive phases of the lick cycle It is seen that differences on firing rate between the cues were observed only in the post-learning phase. Shown in green are the C+ trials and in red are C-trials. ** P-value <0.05. Conventions the same for "B." Note that their action potentials of both neurons were phase-locked to several lick cycles during the Delay epoch (vertical dashed lines), but activity of neuron in "B" shows a stronger coherence and a better cue-discrimination than neuron plotted in "A." Figure S15 . Firing rates alone do not convey the extra cue-information of licking coherent AC cue-selective in comparison with non-coherent neurons. This histogram shows the firing rate discrimination index in the delay epoch for all 196 AC cue-selective neurons as a function of brain region and coherence. This index is computed by subtracting mean firing rate for C+ trials from mean firing rate of C-trials, and then taking the absolute difference (between cues) and then normalizing them by a common standard deviation: (|mean(C+) -mean(C-)| / (std(C+) + std(C-)), where C+ and C-are vectors with number of spikes, in the delay epoch, on each trial. This index indicates the extent of discrimination and revealed that coherent and non-coherent AC cue-selective cells from IC, AMY and the OFC were not significantly different (Wilcoxon Sum Rank p-value >0.05 n.s.). Therefore, in these three regions firing rates alone do not convey the extra cue-information of coherent cue-selective cells. Coherent AC cue-selective cells in NAcc showed significant difference on firing rate discrimination indices, than non-coherent cueselective cells (Wilcoxon Sum Rank p-value <0.05). However in the delay epoch, only 2 neurons, in NAcc, were coherent and cue-selective. Thus, the large majority of coherent and noncoherent AC cue-selective cells employed firing rate information in the same manner.
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